Object. Analysis of cervical sagittal deformity in patients with cervical spondylotic myelopathy (CSM) requires a thorough clinical and radiographic evaluation to select the most appropriate surgical approach. Angular radiographic measurements, which are commonly used to define sagittal deformity, may not be the most appropriate to use for surgical planning. The authors present a simple straight-line method to measure effective spinal canal lordosis and analyze its reliability. Furthermore, comparisons of this measurement to traditional angular measurements of sagittal cervical alignment are made in regards to surgical planning in patients with CSM.
A nAlysis of cervical sagittal deformity in patients with cervical myelopathy requires a thorough clinical and radiographic evaluation to select the most appropriate surgical approach. Radiographic analysis of sagittal alignment is important to determine disease progression, to make decisions on the surgical approach, to follow interventions postoperatively, and to compare interventions for research purposes. Many of these radiographic parameters have been analyzed for reliability and reproducibility in both normal and diseased cohorts. 1, 3, 8, 9, 11, 13, 15 In most cases, the reliability of these methods is good to excellent, with higher standard errors of measurement when using endplate lines to measure rotation. 6, 7, 11, 14, 20 The most reliable indices include measures of both global and intersegmental alignment using digital measurements at all cervical vertebrae, an impractical practice for a clinical scenario. 12, 20 In all cases, lordosis is judged based on angular measurements between vertebral bodies or endplates, without consideration for the alignment of the spinal canal.
Degenerative changes such as disc-osteophyte complexes or spondylolisthesis, which may impede the space available for the cord, do not necessarily contribute to changes in the angular measurements of cervical lordosis. However, these degenerative changes must be considered in surgical planning, because they may cause significant cord obstruction despite a "normal" cervical lordosis.
The purpose of this study is to determine the intra-and interobserver reliability of a simple straight-line method of determining spinal canal lordosis in a cohort of patients with CSM. Two traditional methods of measuring cervical lordosis, the Cobb and the posterior tangent methods, will be used to compare reliability. Additionally, the ability of the traditional methods to predict radiographic spinal canal lordosis will be reviewed.
Effective lordosis: analysis of sagittal spinal canal alignment in cervical spondylotic myelopathy
Methods
Twenty preoperative, neutral, lateral digital radiographs of the cervical spine in patients undergoing surgical intervention for CSM between July 2006 and December 2007 were randomly selected. Radiographs were excluded if the inferior endplate of C-7 was not clearly visible or if the patient had undergone previous cervical spine surgery.
All radiographs were obtained at a source-subject distance of 72 inches, with C-4 in the center of the image. The patients, all adults, stood upright and looked straight ahead while undergoing radiography. The radiograph machine was a Siemens Axiom Aristo MX (Siemens Corp.) and the digital imaging device was a Siemens Axiom multispot (Siemens). The radiographs were stored on a syngo digital picture archiving and communications system (PACS) imaging program (Siemens).
All radiographs were analyzed by 3 independent observers on 3 separate occasions over the course of 1 week, utilizing 3 separate methods (described below). The 3 observers included a spine fellowship-trained neurosurgeon (M.P.S.), an orthopedic surgeon currently in spine fellowship training (D.E.G.), and a neurosurgical resident (C.A.I).
Traditional sagittal alignment measurements included C2-7 angles utilizing the Cobb method, in which the angle from the inferior margin of C-2 and the inferior margin of C-7 are measured (Fig. 1) ; and the posterior tangent method, in which the absolute rotation angle of C2-7 is calculated between tangents drawn from the posterior vertebral bodies of C-2 and C-7 (Fig. 2) . 1, 9 Lordotic angles were considered positive, and kyphotic angles negative. Lastly, the effective lordosis of the spinal canal was calculated by drawing a line from the dorsal-caudal aspect of the C-2 vertebral body to the dorsal-caudal aspect of the C-7 vertebral body (Figs. 3 and 4) . Effective lordosis was considered to be maintained in any radiograph in which no ventral bone structures (vertebral body, disc-osteophye complexes, hypertrophic calcifications) projected dorsally to the line (Fig. 3) ; otherwise, effective lordosis was considered lost (Fig. 4) .
Statistical analysis was performed with use of the JMP statistical package, version 7.0 (SAS Institute Inc.). Analysis of variance for repeated measures was performed as appropriate to calculate the intra-and interobserver reliability for each continuous parameter. Intraobserver reliability was further analyzed for continuous variables by calculating the ICC because it provides the most conservative measure of reliability. 24 According to Fleiss' guidelines, ICC's < ± 0.40 = poor reliability; < ± 0.40-0.75 = fair or good reliability; and < ± 0.75-1.00 = excellent reliability. 5 Cobb and tangent method measurements were then averaged for each patient and assigned a categorical classification: lordotic if the angle was positive, or kyphotic if the angle was negative. Sensitivity, specificity, and positive and negative predictive values were calculated for each method in regards to the outcome of spinal canal lordosis via the effective lordosis method. 
Results
Excellent ICCs and interclass correlations were calculated for both the tangent and Cobb methods ( Table 1) . The Cobb method showed lower correlations and higher measurement errors for both intraclass and interclass comparisons. The ICCs and interclass correlations for the effective lordosis method were almost perfect.
Analysis of the average of 9 measurements between the 3 observers on each patient shows 4 discrepancies between angular lordotic measurements of the vertebral column via the Cobb and/or tangent methods and the lordosis of the spinal canal via the effective lordosis measurement (Table 2 ). These differences were detected when the angular measurement via the Cobb or tangent method were positive (lordotic) despite a loss of effective spinal canal lordosis. Two of the differences were a result of spondylolisthesis that caused projection of the inferior vertebral body, which was relatively retrolisthesed, dorsal to the effective lordosis line (Fig. 5) . The other 2 differences were a result of disc-osteophyte complexes projecting posteriorly to the effective lordosis line (Fig. 4) . These differences were statistically apparent when average angular measurements were assigned a categorical data classification and used to predict effective lordosis of the spinal canal (Tables 3 and 4) utilizing our effective lordosis measurement method as the standard. The Cobb and posterior tangent methods showed excellent sensitivity but poor specificity in predicting spinal canal effective lordosis. All cases in which the Cobb and posterior tangent methods revealed angular kyphosis correlated with a loss of effective spinal canal lordosis. However, the 4 discrepancies noted above contributed to the high falsepositive rate detected. In these cases, the effective lordosis of the spinal canal was lost, despite a lordotic angular measurement. The following case vignette illustrates the clinical application of the effective lordosis method in surgical decision-making for patients with CSM.
Illustrative Case
This 62-year-old woman presented with progressive cervical spondylotic myeloradiculopathy (neck and right arm pain, balance difficulty, and urinary incontinence) with spondylolisthesis at C3-4. She previously had undergone an anterior C6-7 fusion and a posterior right C6-7 laminoforaminotomy. Magnetic resonance imaging showed stenosis at C3-4, C4-5, and C5-6. A neutral cervical spine radiograph (Fig. 6A ) revealed a loss of effective lordosis due to spondylolisthesis at C3-4 as well as posterior osteophytes at C4-5 and C5-6. Effective lordosis in extension was restored (Fig. 6B) as the spondylolisthesis reduced and global alignment allowed clearance of the posterior C4-5 and C5-6 osteophytes. For this reason, a posterior-only multilevel approach was chosen with attention given to using the patient's flexibili- In this digital radiograph, the line drawn from the dorsal caudal aspect of C-2 to the dorsal caudal aspect of C-7 is used as a reference to measure effective cervical lordosis. In this image, effective spinal canal lordosis is maintained, as no bone from the vertebral bodies or disc space is projecting posterior to the line. ty in extension to reduce ventral compression. The patient underwent a C4-6 laminectomy, right C4-5 and C5-6 foraminotomies, and posterior fusion from C3-6 bilaterally with lateral mass screws and iliac crest autograft (Fig. 6C) .
Discussion
"Normal" lordosis of the cervical spine has not been clearly defined in the literature. Using the angular measurements from the vertebral endplates from C-2 to C-7, a mean of 20° of lordosis has been observed in young asymp tomatic individuals. 8 However, using tangents drawn from the posterior vertebral bodies of C-2 to C-7, a mean of 34° of lordosis has been observed in a similar population. 10 The contrasting data in these studies highlights the inconsistency in the literature in regards to sagittal alignment measurements of the cervical spine.
The degenerative process, inherent with aging, leads to a loss of cervical lordosis over time. Disc desiccation and biochemical changes often lead to a loss of intervertebral disc height. 4, 28 Because cervical lordosis is most dependent on the height and wedged-shaped geometry of the discs, this change initiates a cascade of events that contributes to a loss of cervical curvature. Subsequent axial loads force the uncovertebral joints and the anulus fibrosis to share more of the load, resulting in reactive bone formation at the posterior vertebral body margins and disc bulging, respectively. In addition to affecting sagittal alignment, these changes may decrease the range of motion of the affected segments and directly decrease the size of the spinal canal. 19 The surgical approach to addressing CSM depends on numerous factors including patient age, number of involved levels, prior surgical approaches, location of the compressive lesions, and in large part, cervical alignment and flexibility. 17, 22, 26 Measuring the effective lordosis of the spinal canal can give a clear picture of the bone obstacles ventral to the spinal cord that need to be addressed when planning decompressive and corrective surgery in these patients. This method uses a single straight line drawn on a lateral cervical radiograph, and can be easily used in a busy clinical scenario or in the operating room on digital or traditional radiographs. This method can be used on dynamic radiographs as well, to determine changes in the canal shape, particularly in extension, when posterior approaches are being considered. This study demonstrates the intra-and interobserver reliability of this method to be almost perfect (Table 1) .
Traditionally, posterior-only approaches have been considered exclusively in patients with cervical lordosis. 17, 26, 27 Factors such as lordosis, which is apparent only on extension (flexible kyphosis), need to be considered when planning the specific posterior approach, such as laminoplasty compared with laminectomy, with or without fusion. However, clinical and scientific comparisons of radiographs in this patient population have focused on measurements between vertebral bodies and/or endplates without regard to associated impinging structures on the spinal canal, the focus of the decompressive surgery.
Usually, a kyphotic cervical spine at the time of decompressive surgery needs to be addressed to prevent draping of the spinal cord anteriorly. 23, 25 Of the 5 patients in this study with kyphosis according to angular measurements, none had effective lordosis of the spinal canal, confirming this idea. However, 4 of the 15 patients with lordotic angles had lost effective lordosis of the spinal canal because of spondylolisthesis or disc-osteophyte complexes (Table 2 ). These discrepancies resulted in low specificity for the traditional Cobb and posterior tangent methods in predicting ventral spinal canal obstruction as judged by the effective lordosis method (Table 3) . Whether the surgical approaches would have been altered because of these data was not the focus of this study, as this comparison would be difficult without considering MR imaging, the gold standard for identifying stenotic canal regions. 16 Because there is no easily reproducible, standardized measurement to directly measure ventral canal encroachment by osseous structures on plain radiographs, we chose to compare the traditional Cobb and posterior tangent methods to our straight-line effective lordosis measurement as the gold standard. These methods have been used to indirectly describe canal shape by measuring the overall alignment of the sagittal cervical spine. This analysis of direct and indirect measurements may weaken the comparison.
Sagittal cervical alignment measurement tools that are more accurate than the Cobb or posterior tangent methods have been devised using measurements at each vertebral body and/or employing a computer-based algorithm to determine both overall and intersegmental alignment. 2, 12, 13, 21 The Dvorak method, as adapted from Penning, uses 27 points of measurement when analyzing a radiograph, and twice that number when comparing flexion to extension.
2, 21 Herrmann and Geisler 12 describe a method in which each vertebral body and spinous process must be traced to determine the center of mass using digital software.The Ishihara index method requires 5 lines to be drawn, 4 measurements, and a mathematical formula to describe alignment. 13 Although these methods also provide some information regarding the spinal canal in cases of intersegmental kyphosis, they do not take into account spondylolisthesis without angulation or posterior osteophytes. Furthermore, they are cumbersome to use in a busy clinical practice or in the operating room.
Conclusions
Unlike the Cobb, posterior tangent, and other angular measurements of cervical alignment, the effective lordosis method used in this study provides a simple and reliable means of determining clinically significant lordosis, because it accounts for both overall alignment of the cervical spine as well as impinging structures ventral to the spinal cord. It should be considered for use in the preoperative, intraoperative, and postoperative care of the patient with CSM. Further study of this method in regards to clinical outcomes and correlation to more advanced imaging needs to be performed to further characterize and validate this measurement.
